Vitamin D insufficiency is common globally and low levels are linked to higher cancer incidence. Although vitamin D insufficiency is related to inferior prognosis in some cancers, no data exist for chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL). We evaluated the relationship of 25(OH)D serum levels with time-to-treatment (TTT) and overall survival (OS) in newly diagnosed CLL patients participating in a prospective cohort study (discovery cohort) and a separate cohort of previously untreated patients participating in an observational study (confirmation cohort 
Introduction

Vitamin D insufficiency is common globally and in the United
States. Approximately 25%-50% of patients seen in routine clinical practice have vitamin D levels below the optimal range, and it is estimated that up to 1 billion people worldwide have vitamin D insufficiency. [1] [2] [3] Vitamin D is obtained from skin exposure to sunlight (ie, ultraviolet B radiation) and through dietary sources including supplementation. Serum levels of 25-hydroxyvitamin D (25[OH]D) reflect whole-body vitamin D stores and are used to assess individual vitamin D adequacy or insufficiency. 3 25 (OH)D is converted to 1,25-dihydroxyvitamin D (1, 25 [OH] 2 D), the physiologically active form of vitamin D, via the action of 1-␣-hydroxylase primarily in the kidney. Once formed, 1,25(OH) 2 D exerts its biologic effects by binding to the vitamin D nuclear transcription factor receptor, which regulates the expression of nearly 200 genes. 4 Vitamin D has a central role in maintaining serum calcium and skeletal homeostasis, as well as multiple other cellular effects, including regulation of differentiation, proliferation, apoptosis, metastatic potential, and angiogenesis. 5 Several reports now suggest that low serum 25(OH)D levels may be associated with increased incidence of colorectal, 6, 7 breast, 8, 9 and other cancers. 10 Consistent with these results, one population-based, double-blind, randomized placebo-controlled trial found that women who increased their daily vitamin D intake by 1100 IU reduced their risk of cancer by 60%-77%. 11 In addition to the risk of developing malignancy, recent data suggest that low 25(OH)D levels at diagnosis may be associated with poorer prognosis in colorectal, 12 breast, 13 melanoma, 14 and lung 15 cancer, although these data have not yet been replicated in independent cohorts.
Despite growing evidence for a relationship between vitamin D levels and solid tumor risk, far less is known about the relationship between vitamin D and the risk of hematologic malignancy. A pooled analysis of 10 studies found that higher levels of recreational sun exposure, which would be anticipated to increase vitamin D levels, was associated with a lower risk for non-Hodgkin lymphoma. 16 Furthermore, data from 2 prospective cohort studies 17, 18 provide suggestive evidence that low serum 25(OH)D levels are associated with increased incidence of NHL; however, these studies did not report on chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) specifically, and one recent case-control study did not find a relationship between 25(OH)D levels and risk of developing CLL/SLL. 19 To our knowledge, there are no data on the relationship between vitamin D and prognosis in patients with CLL. Because CLL is currently incurable, the identification of remediable factors that relate to disease progression would be valuable. To test the hypothesis that vitamin D levels predict outcome in patients with CLL, we examined the association of serum 25(OH)D levels with time to treatment (TTT) and overall survival (OS) in a prospective cohort of consecutively enrolled patients with newly diagnosed CLL, and validated these findings in a second, independent CLL cohort.
Methods
Discovery cohort
Patients in the discovery cohort were participants in the ongoing prospective cohort study of patients with NHL from the Molecular Epidemiology Resource of the University of Iowa/Mayo Clinic Lymphoma Specialized Program of Research Excellence (SPORE). 20 This study was reviewed and approved by the Human Subjects Institutional Review Board at the Mayo Clinic and the University of Iowa, and written informed consent was obtained from all participants in accordance with the Declaration of Helsinki. Since September 2002, we have offered enrollment to consecutive, newly diagnosed patients with CLL who were evaluated at Mayo Clinic Rochester or the University of Iowa within 9 months of diagnosis, were age 18 years and older, and were a US resident at diagnosis (data on NHL will be reported separately). Exclusion criteria included known HIV infection and unwillingness or inability to provide written inormed consent.
All leukemia cell immunophenotype and pathology analyses were reviewed to confirm that each case met the criteria for a diagnosis of CLL. All patients had an absolute lymphocyte count (ALC) Ͼ 5.0 ϫ 10 9 /L and fulfilled the 1996 criteria for CLL in effect throughout the study interval 21 and/or fulfilled the World Health Organization criteria for the SLL variant of CLL. 22 Baseline clinical, laboratory, and treatment data were abstracted from medical records using a standardized protocol. Participants provided peripheral blood serum samples and were systematically followed every 6 months for the first 3 years, and then annually thereafter. Disease progression (ie, requirement for treatment) and deaths were verified through medical record review. We also verified patients' reports of no disease progression on an annual basis. For decedents, we obtained a copy of the death certificate and medical records associated with the death.
Confirmation cohort
Between January 1994 and October 2002, we enrolled a separate cohort of 159 patients with previously untreated CLL seen at Mayo Clinic Rochester or Mayo Clinic Jacksonville in a prospective trial evaluating the prognostic importance of cytogenetic abnormalities and clonal evolution as evaluated by fluorescence in situ hybridization (FISH). The characteristics of this cohort have been previously described in detail. [23] [24] [25] The trial was approved by the Mayo Clinic Human Subjects Institutional Review Board, and all patients provided written informed consent.
Prognostic parameters
Prognostic testing (immunoglobulin heavy chain variable [IGHV] region gene mutation analysis, ZAP-70 status, CD38 status, CD49d status, and cytogenetic abnormalities assessed by interphase FISH testing) was performed as part of clinical or research studies using methods previously described by our group. 23, 26, 27 Vitamin D measurements . Calibration used a 6-point standard curve over a concentration range of 0-200 ng/mL. Intra-and inter-assay coefficients of variation were all Ͻ 7% (data not shown). All vitamin D assays were performed on stored research samples; results were not included in the clinical record and were not known to the treating physicians in either study.
Statistical analysis
Fisher exact and 2 tests, where appropriate, were used to assess the association of 25(OH)D insufficiency and clinical, prognostic, and demographic factors in CLL patients. TTT was defined as the time from diagnosis to disease progression requiring treatment. OS was defined as the time from diagnosis to death due to any cause. Patients without an event or death were censored at time of last known follow-up. Kaplan-Meier 29 curves and Cox proportional hazards regression models 30 were used to assess the association of vitamin D levels and outcome. Cox models adjusted for demographic and CLL prognostic factors were also assessed. We also analyzed the associations using the actual, continuously distributed 25(OH)D levels values via penalized smoothing splines, or P-splines. 31 Analyses were performed using SAS Version 9.1.3 and R Version 2.7.1. 
Results
Patients
From September 2002 through February 2008, 610 CLL patients seen within 9 months of diagnosis at the Mayo Clinic or University of Iowa were enrolled in an ongoing prospective observational cohort study. Of these 610 patients, 220 (36%) did not have serum samples available and were excluded from analysis. The remaining 390 patients constituted the discovery cohort used to explore the relationship between vitamin D insufficiency and clinical outcome. Serum samples were collected a median of 2.5 months after diagnosis (range 0-73, 293/390 [75%] within 12 months of diagnosis).
A separate cohort of 159 patients with previously untreated CLL seen at Mayo Clinic was enrolled in a prospective observational trial between January 1994 and October 2002. [23] [24] [25] Of these 159 patients, 153 (96%) had serum samples stored and constituted the confirmation cohort. All 153 patients had serum samples drawn within 12 months of study registration, with a median time from diagnosis to study enrollment of 3.2 months (range 0-236, 94/152 [61%] within 12 months of diagnosis). The clinical characteristics of the patients in these 2 prospective observational cohort studies are shown in Table 1 . A majority of patients (Ͼ 80%) in both cohorts had Rai stage 0 or I disease at diagnosis.
Vitamin D insufficiency and clinical outcome in discovery cohort
The mean 25(OH)D level for the 390 patients in the discovery cohort was 30.6 Ϯ 10. (Table 2) . 25(OH)D insufficiency had no relationship with CD38, ZAP-70, CD49d, or IGHV mutation status and had no relationship with FISH risk category as classified using the Dohner system. 32 Follow-up for vital status was available for all patients, with a median follow-up time from diagnosis for living patients in the discovery cohort of 36 months (range 1-86 months). As of the last follow-up, 131 (33.6%) patients had received treatment for progressive disease and 34 (8.7%) had died. Both TTT and OS were shorter in 25(OH)D-insufficient patients (Figure 2A-B) . The HR for TTT among 25(OH)D-insufficient patients was 1.66 (95% confidence interval [CI] ϭ 1.16-2.37; P ϭ .005), while the HR for death was 2.39 (95% CI ϭ 1.21-4.70; P ϭ .01). The HRs for TTT and OS were similar when the outcome was measured from the date of sample (rather than diagnosis) or limited to patients assayed Յ 12 months from diagnosis (supplemental Table 1 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Vitamin D insufficiency and clinical outcome in confirmation cohort
We next attempted to validate these findings in an independent group of previously untreated CLL patients. The mean 25(OH)D level in the confirmation cohort was 26.6 Ϯ 9.3 ng/mL (range 6.0-54.0). Overall, 6 patients (3.9%) had severe insufficiency Follow-up for vital status was available for all patients, with a median follow-up from diagnosis for living patients in the confirmation cohort of 118 months (range 10-275 months). As of the last follow-up, 70 (45.8%) patients had been treated and 62 (40.5%) had died. TTT and OS were shorter for 25(OH)D-insufficient patients in the confirmation cohort ( Figure 2C-D) . The HR for TTT among 25(OH)D-insufficient patients was 1.59 (95% CI ϭ 0.99-2.56; P ϭ .05), while the HR for OS was 1.63 (95% CI ϭ 0.99-2.69; P ϭ .06). HRs for TTT and OS were similar when outcome was measured from the date of sample (rather than diagnosis) or limited to patients assayed Յ 12 months from diagnosis (supplemental Table 1 ).
Interactions between vitamin D insufficiency and prognostic parameters
Based on the similar associations of vitamin D insufficiency with TTT and OS in these 2 cohorts, patients from both cohorts were pooled to allow assessment of the severity of vitamin D insufficiency and clinical outcome, interactions with prognostic variables, and for multivariable analysis. With respect to continuous 25(OH)D levels and clinical outcome, TTT was shorter as 25(OH)D decreased until 25(OH)D reached a level of ϳ15 ng/mL, at which point the association of 25(OH)D and TTT remained constant. Thus, patients with mild insufficiency had better TTT than patients with severe insufficiency; however, patients below a 25(OH)D level of 15 ng/mL had a poor TTT that was similar to those with a level of 15 ng/mL. The association between 25(OH)D and survival increased consistently as 25(OH)D increased. Thus, patients with severe insufficiency had worse survival than patients with mild or moderate insufficiency (supplemental Figure 1) .
We next explored interactions of vitamin D insufficiency with other prognostic variables. The association of 25(OH)D insufficiency with OS among Rai stage 0 patients was HR ϭ 1.92 (95% CI ϭ 0.99-3.73; P ϭ .05), while the association with TTT was HR ϭ 1.72 (95% CI ϭ 0.96-3.10; P ϭ .07; Figure 3A) . Among Rai stage I or greater patients, 25(OH)D insufficiency was also associated with both OS (HR ϭ 1.86, 95% CI ϭ 1.11-3.12; P ϭ .02) and TTT (HR ϭ 1.59, 95% CI ϭ 1.15-2.22; P ϭ .005). 25(OH)D insufficiency appeared to be a better predictor of OS among IGHV-unmutated patients (HR ϭ 2.20; 95% CI ϭ 1.08-4.78; P ϭ .02) than in IGHV-mutated (HR ϭ 1.32; 95% CI ϭ 0.68-2.57; P ϭ .41) patients, and in ZAP-70-positive (HR ϭ 1.68; 95% CI ϭ 0.98-2.87; P ϭ .06) patients than in ZAP-70-negative (HR ϭ 1.56; 95% CI ϭ 0.72-3.36; P ϭ .26) patients ( Figure  3B-C) . For FISH risk categories, 25(OH)D insufficiency was associated with OS among patients with standard-risk (eg, normal, trisomy 12, del 13q14) FISH (HR ϭ 2.02; 95% CI ϭ 1.19-3.43; P ϭ .009; Figure 3D ), but not in those with high-risk FISH (HR ϭ 0.65; 95% CI ϭ 0.27-1.56; P ϭ .34) as defined by the presence of del(17p13) or del(11q22). 32 On multivariable analysis in all patients adjusting for age, sex, Rai stage, CD38, ZAP-70, IGHV, CD49d, and FISH, 25(OH)D insufficiency was an independent predictor of TTT (HR ϭ 1.47; For personal use only. on April 13, 2017. by guest www.bloodjournal.org From 95% CI ϭ 1.11-1.96; P ϭ .008). On multivariable analysis for OS, the HR for death associated with 25(OH)D insufficiency was similar to univariate findings, although the P value did not reach the threshold of statistical significance (HR ϭ 1.47; 95% CI ϭ 0.97-2.23; P ϭ .07).
Discussion
Consistent with the prevalence of hypovitaminosis D in the general population, 1-3 30%-40% of CLL patients in the 2 observational cohorts studied had vitamin D insufficiency. Vitamin D insufficiency was associated with inferior TTT and a 2-fold increased risk of death in the discovery cohort. The association between vitamin D insufficiency and clinical outcome was confirmed in an independent cohort of CLL patients and persisted in a pooled multivariable analysis of both cohorts after adjusting for age, sex, stage, CD38, ZAP-70, IGHV, CD49d, and FISH analysis. These findings suggest that vitamin D insufficiency may be the first potentially modifiable host factor associated with prognosis in newly diagnosed CLL.
Our finding that 25(OH)D insufficiency is associated with inferior TTT (a disease-specific end point) also suggests that the prognostic effect of vitamin D may be directly related to its impact on CLL and may not be simply a general host effect. This possibility could be explained by biologic characteristics of the CLL disease process. The vitamin D receptor is highly expressed by CLL B cells relative to normal B and T cells, and pharmacologic doses of vitamin D derivatives developed as therapeutic compounds have been shown to induce caspase 3-and 9-dependent apoptosis (ie, the mitochondrial pathway) of CLL B cells in vitro. 33 Treatment of CLL B cells with these vitamin D analogs was also associated with mitogen-activated protein kinase (MAPK) pathway activation and suppression of extracellular signal-regulated kinase (ERK) activity. 33 An effect of serum vitamin D levels on tumorspecific outcomes is also consistent with the recently reported effects of vitamin D in other cancers [12] [13] [14] [15] and with the documented effects of vitamin D on cellular processes of particular relevance to leukemogenesis. 5, 10, 34 In addition, vitamin D has been shown to inhibit proliferation and induce differentiation of both lymphocytes 35 and lymphoma cell lines 36 on in vitro testing.
One question that arises is whether serum vitamin D levels could be influenced by tumor burden (ie, higher ALC or greater nodal disease could lead to vitamin D binding and lower serum levels). [37] [38] [39] [40] In this regard, serum vitamin D levels had no relationship with Rai stage in either the discovery cohort or the confirmation cohort and also had no correlation with ALC in the 229 patients in the discovery cohort who had an ALC measured within 2 months of the vitamin D measurement. Furthermore, serum vitamin D levels remained a predictor for TTT among both Rai 0 patients and patients with stage Rai Ͼ I when these groups were evaluated separately and on the multivariable analysis controlling for disease stage. Thus, while it is an important subject for future investigations, it does not appear that the observed relationship between serum vitamin D levels and clinical outcome is related to an interaction between vitamin D levels and tumor burden.
The strengths of our study include the large, prospective design of consecutively enrolled, newly diagnosed CLL patients, the availability of key baseline clinical and prognostic information, nearly complete follow-up of patients to define TTT and OS, and confirmation of the association between 25(OH)D insufficiency and clinical outcome in an independent CLL cohort. In addition, the LC-MS/MS method used to measure serum 25(OH)D levels is considered the most reliable and accurate method for 25(OH)D determination. 28 The major limitation of the study is the use of an observational study design, which is susceptible to confounding and selection biases. Nonetheless, we used a cohort design, adjusted for known CLL prognostic factors, and confirmed the association between 25(OH)D insufficiency and clinical outcome in an independent cohort. While the association of 25(OH)D insufficiency with OS in the multivariable analysis was above the threshold of statistical significance (P ϭ .07), the HR was of similar magnitude to the univariate analysis, suggesting weaker power to assess this end point.
Because our observational study design does not provide definitive evidence for a causal relationship between lower vitamin D levels and poorer outcomes in CLL, it is unknown whether normalizing vitamin D levels in CLL patients with documented insufficiency would improve outcome. Previous observational findings exploring the potential effects of other vitamins on cancer prevention have not always proven beneficial in interventional studies. 41 For example, observational data suggesting that B-carotene levels were associated with lung cancer were not substantiated in randomized trials, 42, 43 although it is important to note that these studies tested supplementation rather then selective repletion in patients with documented deficiency, and evaluated vitamins for chemoprevention rather than therapeutic effects in patients with cancer. One study of 34 patients with low-grade NHL treated with a synthetic analog of 1,25(OH) 2 D reported tumor regression in 24% of patients (4 complete remissions; 4 partial remissions). 44 It is also important to note that clinical recommendations exist for vitamin D testing in routine clinical practice, and these sugest replacement in patients with 25(OH)D levels below the optimal range. 45 In conclusion, our data provide the first direct evidence that 25(OH)D levels may be an important host factor influencing prognosis in CLL patients and, to our knowledge, it is the first study evaluating the effects of 25(OH)D insufficiency on cancer outcome to include a validation cohort confirming the results in an independent patient sample. The effect of 25(OH)D insufficiency on cancer outcome may be particularly relevant in CLL because it is a disease with a long natural history and patients are often observed for years prior to the initiation of therapy. Future studies dissecting the mechanism(s) through which the vitamin D pathway influences leukemogenesis, host immunity, and leukemia cell biology are needed and may provide insight into the mechanisms of disease progression that identify potential therapeutic strategies. Future trials evaluating the impact of vitamin D repletion in CLL patients with documented 25(OH)D insufficiency are needed to determine whether this strategy improves outcome in patients with CLL.
